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We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1988 edition
Physics Letters B204 1 (1988).

70 MASS

The value is calculated from m_ and (mﬂ_i — mﬂ_o). See also the notes

under the 7 Mass Listings.

VALUE (MeV) DOCUMENT ID
134.9768+0.0005 OUR FIT Error includes scale factor of 1.1.

m,,ri — m,n,o
Measurements with an error > 0.01 MeV have been omitted.
VALUE (MeV) DOCUMENT ID TECN COMMENT

4.5936 +0.0005 OUR FIT
4.5936 +0.0005 OUR AVERAGE

4.59364 +0.00048 CRAWFORD 91 CNTR #n7 p — 7r0n, n TOF
4.5930 +0.0013 CRAWFORD 86 CNTR #n~ p — 7r0n, n TOF
o o ¢ We do not use the following data for averages, fits, limits, etc. @ o o

4.59366 +0.00048 CRAWFORD 888 CNTR See CRAWFORD 91
4.6034 +0.0052 VASILEVSKY 66 CNTR

4.6056 +0.0055 CZIRR 63 CNTR

#9 MEAN LIFE

Most experiments measure the 70 width which we convert to a lifetime.
ATHERTON 85 is the only direct measurement of the 70 lifetime. The two
Primakoff measurements from 1970 have been excluded from our average
because they suffered model-related systematics unknown at the time.
More information on the 70 lifetime can be found in BERNSTEIN 13.

VALUE (10717 s) EVTS DOCUMENT ID TECN COMMENT

8.43 +£0.13 OUR AVERAGE Error includes scale factor of 1.2.

8.337+0.056£0.112 L LARIN 20 PRMX Primakoff effect

85 +1.1 2BYCHKOV 09 PIBE a1t — etuxy at rest
84 405 +05 1182 3WILLIAMS 88 CBAL ete™ — ete 0
8.97 +£0.22 +0.17 ATHERTON 85 CNTR Direct measurement
8.2 +£04 4 BROWMAN 74 CNTR Primakoff effect

e o o We do not use the following data for averages, fits, limits, etc. o o o

8.32 +0.15 £0.18 5 LARIN 11  PRMX Primakoff effect

56 +0.6 BELLETTINI 70 CNTR Primakoff effect

9 +0.68 KRYSHKIN 70 CNTR Primakoff effect
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73 #£11

BELLETTINI

65B CNTR Primakoff effect

LLARIN 20 reported this lifetime value from a measurement of I'(7r0 — yvy) =7.802 £
0.052 + 0.105 eV, combining data from PrimEX-Il on 12C and 28Si targets with previous
PrimEx-1 LARIN 11 measurements. This result supersedes LARIN 11.

2BYCHKOV 09 obtains this using the conserved-vector-current relation between the vector

form factor Fy, and the 70 lifetime.
3WILLIAMS 88 gives IF(vyv) = 7.7 £ 0.5 £ 0.5 eV. We give here 7 = i/l (total).

4BROWMAN 74 gives a 70 width I = 8.02 + 0.42 eV. The mean life is R/T.

5 LARIN 11 reported I'(7r0 — 7y7y) =7.82+0.14 + 0.17 eV which we converted to mean

life 7 = R/l (total).

For decay limits to particles which are not established, see the appropriate
Search sections (AO (axion) and Other Light Boson (XO) Searches, etc.).

#9 DECAY MODES

Scale factor/

Mode Fraction (I';/T) Confidence level
M 2y (98.8234+0.034) % S=15
[, efe vy ( 1.174-0.035) % S=15
M3 ~ positronium (1.82 +0.29 ) x 1079
[, eTeTe e ( 3.34 £0.16 ) x 107°
s ete™ ( 6.46 £0.33 ) x 10~8
e 4y < 2 x 1078  CL=90%
r, vo [a] < 4.4 x 1079 CL=90%
g VeTp < 17 x 1070 CL=90%
g VT, < 16 x 1070 CL=90%
M0 7 < 21 x 1070 CL=90%
M1 NUT < 1.9 x 107  CL=90%

Charge conjugation (C) or Lepton Family number (LF) violating modes

Mo 3y
M3 whe”
M4 p et

M5 whe™ + p~

C
LF
LF
el LF

<

VANRVANIVAN

3.1
3.8
3.2
3.6

x 108

CL=90%

x 10710 cL=90%
%x 10710 CcL=00%
%x10~10 cL=90%

[a] Astrophysical and cosmological arguments give limits of order 10713, but
they are model dependent and for the summary value we use the best
laboratory limit, which includes any final state of invisible particles.

An overall fit to 2 branching ratios uses 6 measurements and one
constraint to determine 3 parameters. The overall fit has a X2 =

CONSTRAINED FIT INFORMATION

4.6 for 4 degrees of freedom.
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The following off-diagonal array elements are the correlation coefficients
<5xi6xj>/(6xi-6xj), in percent, from the fit to the branching fractions, x; =

I;/Tiotal- The fit constrains the x; whose labels appear in this array to sum to
one.

x | —100
xx | o 1
X1 X2
79 BRANCHING RATIOS
F(ete™7)/T(27) 2/l
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

1.188 +0.035 OUR FIT Error includes scale factor of 1.5.
1.188 +0.034 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram

below.

1.140 £0.024 +£0.033 12.5k ! BEDDALL 08 ALEP ete™ — Z — hadrons
1.25 +0.04 SCHARDT 81 SPEC 7 p— nx0

1.166 +0.047 3k 2SAMIOS 61 HBC 7 p— nn0

1.17 +£0.15 27 BUDAGOV 60 HBC

e o o We do not use the following data for averages, fits, limits, etc. o o o

1.1559+0.00474+0.0106 60k 3 ABOUZAID 19 KTEV K — 370 in flight
1.196 JOSEPH 60 THEO QED calculation

WEIGHTED AVERAGE
1.188+0.034 (Error scaled by 1.4)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

'''''''''' BEDDALL 08 ALEP 1.4
----- SCHARDT 81 SPEC 24
-------- SAMIOS 61 HBC 0.2
- - - - BUDAGOV 60 HBC
4.0
(Confidence Level = 0.135)
| | | | J

0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

L BEDDALL 08 value is obtained from ALEPH archived data.
2SAMIOS 61 value uses a Panofsky ratio = 1.62.

3 ABOUZAID 19 measured a value of (0.3920 + 0.0016 + 0.0036)% from 1999 KTEV
data in K; — 370 5'ye+ e” decays, normalised to K; — 37r0, for m(ee) > 15
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MeV and then extrapolated it to the full m(ee) range using the Mikaelian and Smith
predictions for the mass spectrum. ['(eTe™~)/I'(27) (%)

I (ypositronium) /T (2) M3/l
VALUE (units 1079) EVTS DOCUMENT ID TECN COMMENT

1.84:£0.29 277 AFANASYEV 90 CNTR pC 70 GeV
Metete e™)/I(27) Fa/T1
VALUE (units 10_5) EVTS DOCUMENT ID TECN COMMENT

3.38+0.16 OUR FIT

3.38+0.16 OUR AVERAGE

3.46+0.19 30.5k 1 ABOUZAID 08D KTEV K(Z — 7070 n%D
3.1840.30 146 2 SAMIOS 628 HBC

1 This ABOUZAID 08D value includes all radiative final states. The error includes both
statistical and systematic errors. The correlation between the Dalitz-pair planes gives a

direct measurement of the 70 parity. The 70 2~* form factor is measured and limits are
placed on a scalar contribution to the decay.

25AMIOS 62B value uses a Panofsky ratio = 1.62.
r(e+ e—)/rtota| r5/r

Experimental results are listed; branching ratios corrected for radiative effects are given
in the footnotes. BERMAN 60 found B(ﬂ'o — eTe™) > 4.60x 1078 via an exact

QED calculation.

VALUE (units 1078) EVTS DOCUMENT ID TECN CHG COMMENT
6.46+0.33 OUR AVERAGE

6.44+0.25+0.22 794 L1ABOUZAID 07 KTEV K§ — 370 in flight
6.9 +£2.3 +0.6 21 2DESHPANDE 93 SPEC Kt —» 740

7.6 jg-g +05 8 3 MCFARLAND 93 SPEC KQ — 379 in flight

e o ¢ We do not use the following data for averages, fits, limits, etc. o o o
6.094+0.40+0.24 275 4 ALAVI-HARATIO9C SPEC 0 Repl. by ABOUZAID 07
1 ABOUZAID 07 result is for m 4 .- /mﬂ_o > 0.95. With radiative corrections the result

becomes (7.48 =+ 0.29 =+ 0.25) x 10~8.

2The DESHPANDE 93 result with bremsstrahlung radiative corrections is (8.0 £ 2.6 +
0.6) x 1078,

3 The MCFARLAND 93 result is for B[x0 —» ete, (me+ e,/mﬂ_o)z > 0.95]. With

radiative corrections it becomes (881’%% £ 0.6) x 10-8.

4 ALAVI-HARATI 99C quote result for B[7r0 — ete (me+ e—/m7r0)2 > 0.95] to

0

minimize radiative contributions from 70 — et e~ ~y. After radiative corrections they

obtain (7.04 + 0.46 + 0.28) x 108,

M(ete™)/r(2v) Ms/T1

VALUE (units 10_7) CL% EVTS DOCUMENT ID TECN COMMENT

e o e We do not use the following data for averages, fits, limits, etc. e o o

<13 90 NIEBUHR 80 SPEC 7 p— n0nat
rest

<5.3 90 ZEPHAT 87 SPEC 7 p— n0n
0.3 GeV/c

1.7 +£0.6 +0.3 59 FRANK 83 SPEC n7p— n0
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1.8 +0.6 58 MISCHKE 82 SPEC See FRANK 83
2.2312:40 90 8 FISCHER 788 SPRK Kt — atx0

I (47)/Total e/l

VALUE (units 1078) CL% EVTS DOCUMENT ID TECN COMMENT

< 2 90 MCDONOUGH 88 CBOX =« p at rest

e o e We do not use the following data for averages, fits, limits, etc. e o o

<160 90 BOLOTOV 86C CALO

<440 90 0 AUERBACH 80 CNTR

I(v7)/Teotal F7/T

The astrophysical and cosmological limits are many orders of magnitude lower, but
they are model dependent and for the summary value we use the best laboratory limit,

which includes any final state of invisible particles.

VALUE (units 10-6) CL%
< 44 x10-3 90
< 0.27 90
< 0.83 90
<29 x10~ 7

<32 x10~7

< 6.5 90
<24 90

DOCUMENT ID

TECN  COMMENT

1 CORTINAGIL 21c SPEC Kt — xtx0(y)
o o ¢ We do not use the following data for averages, fits, limits, etc. o o o

1 ARTAMONOV 05A B949 K+ — 7t 40

L ATIVA

2 LAM

3 NATALE
DORENBOS...

1 HERCZEG

91
91
91
88
81

B787 KT — ntu/
Cosmological limit
SN 1987A
CHRM Beam dump, prompt v
RVUE KT — atus/

1 This limit applies to all possible "invisible” channels.
2L AM 91 considers the production of right-handed neutrinos produced from the cosmic
thermal background at the temperature of about the pion mass through the reaction

Yy — 71'0 — V.

3 NATALE 91 considers the excess energy-loss rate from SN 1987A if the process vv —

0= vp occurs, permitted if the neutrinos have a right-handed component. As pointed
out in LAM 91 (and confirmed by Natale), there is a factor 4 error in the NATALE 91

published result (0.8 x 10~ 7).

I-(Veﬁe)/rtotal rg/l
VALUE (units 1076) CL% DOCUMENT ID TECN COMMENT
<17 90 DORENBOS... 88 CHRM Beam dump, prompt v

e o o We do not use the following data for averages, fits, limits, etc. o o o

<3.1

90

I HOFFMAN

88

RVUE Beam dump, prompt v

L HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment.

DOCUMENT ID

Mo/l

TECN  COMMENT

I (v474) /Ttotal

VALUE (units 10°6)  cL% EVTS
<1.6 90

<3.1 90

8.7

AUERBACH
1 HOFFMAN

04
88

LSND 800 MeV p on Cu
RVUE Beam dump, prompt v

e o ¢ We do not use the following data for averages, fits, limits, etc. o o o
DORENBOS... 88
1 HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment.

<7.8 90
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I-(V'rﬁr)/rtotal M10/T
VALUE (units 1076) CL% DOCUMENT ID TECN COMMENT
<21 L HOFFMAN 88 RVUE Beam dump, prompt v

e o o We do not use the following data for averages, fits, limits, etc. o o o

<4.1 DORENBOS... 88 CHRM Beam dump, prompt v
L HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment.
I (yv?)/Tiotal Ma1/T
Standard Model prediction is 6 X 10—18,
VALUE CL% DOCUMENT ID TECN COMMENT
<1.9x10~7 CORTINA-GIL 19 SPEC KT — ntyuw
e o ¢ We do not use the following data for averages, fits, limits, etc. @ o o
<6 x107% ATIYA 92 CNTR Kt = quont
I'(3'y) /Ttotal M2/T
Forbidden by C invariance.
VALUE (units 1078) CL% EVTS DOCUMENT ID TECN COMMENT
< 31 90 MCDONOUGH 88 CBOX &~ p at rest
e o ¢ We do not use the following data for averages, fits, limits, etc. o o o
< 38 90 0 HIGHLAND 80 CNTR
<150 90 0 AUERBACH 78 CNTR
<490 90 o lpucLos 65 CNTR
<490 90 L KuTIN 65 CNTR
1 These experiments give B(3v/2v) < 5.0 x 10-6.
M(ute™)/Miotal M3/l

Forbidden by lepton family number conservation.

VALUE (units 1079) CL% EVTS DOCUMENT ID TECN COMMENT

< 0.38 90 0 APPEL 00 SPEC KT — ntpute
e o ¢ We do not use the following data for averages, fits, limits, etc. @ o o

<16 90 LEE 90 SPEC KT — atpute™
<78 90 CAMPAGNARI 88 SPEC See LEE 90

M(u~et)/TMeotal

Forbidden by lepton family number conservation.

VALUE

CL%

DOCUMENT ID

M14/T

TECN  COMMENT

<3.2 x 10—10

ALIBERTI

21

NA62 KT — ntetpu—

o o ¢ We do not use the following data for averages, fits, limits, etc. @ o o
008 B865 KT — ntetpu™

<3.4 x 1079

APPEL

[F(p"‘ e”) +T(uet)|/Trotal

Forbidden by lepton family number conservation.

Ms/T

VALUE (units 10~9) CL% DOCUMENT ID TECN  COMMENT

< 0.36 ABOUZAID ~ 08c KTEV K) — 270,%F

e o ¢ We do not use the following data for averages, fits, limits, etc. o o o

< 17.2 KROLAK 94 E799 In K) — 370

<140 HERCZEG 84 RVUE KT — 7ntpe

< 2 x1070 HERCZEG 84 THEO p~ — e conversion
< 70 BRYMAN 82 RVUE KT — 7ntpe
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70 ELECTROMAGNETIC FORM FACTOR

0 _, et e~ contains a form factor F(x)

The amplitude for the process 7
at the 70~ vertex, where x = [me+ e_/m71_0]2. The parameter a in the

linear expansion F(x) = 1 + ax is listed below.

All the measurements except that of BEHREND 91 are in the time-like
region of momentum transfer.

LINEAR COEFFICIENT OF 79 ELECTROMAGNETIC FORM FACTOR

VALUE (units 10_2) EVTS DOCUMENT ID TECN COMMENT
3.35+ 0.31 OUR AVERAGE
3.684+ 0.51+£0.25 1.1M LAZZERONI 17 SPEC KT — 0% 20
et e v
26 + 2.4 +4.8 7.5k FARZANPAY 92 SPEC 7 p — 70n at rest
25 +£ 1.4 £26 54k MEIJERDREES928 SPEC 7~ p — 70 n at rest
326+ 0.26+0.26 127 IBEHREND 91 CELL ete™ — eTe 0
—-11 4+ 3 +8 32k FONVIEILLE 89 SPEC Radiation corr.

e o o We do not use the following data for averages, fits, limits, etc. o o o

2 2 2 TUPPER 83 THEO FISCHER 78 data
10 =+ 3 31k 3 FISCHER 78 SPEC Radiation corr.

1 +£11 2.2k DEVONS 69 OSPK No radiation corr.

—15 +10 7.6k KOBRAK 61 HBC No radiation corr.

—24 +16 3.0k SAMIOS 61 HBC No radiation corr.

1 BEHREND 91 estimates that their systematic error is of the same order of magnitude as
their statistical error, and so we have included a systematic error of this magnitude. The
value of a is obtained by extrapolation from the region of large space-like momentum
transfer assuming vector dominance.

2TUPPER 83 is a theoretical analysis of FISCHER 78 including 2-photon exchange in the
corrections.

The FISCHER 78 error is statistical only. The result without radiation corrections is
+0.05 £ 0.03.
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